arXiv: 1502.03894v2 [hep-ph] 27 Oct 2015 


Photon structure functions at small x in holographic QCD 


Akira Watanabe 3 , Hsiang-nan Li a b c 

a Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China 
b Department of Physics, National Tsing-Hua University, Hsinchu, Taiwan 300, Republic of China 
c Department of Physics, National Cheng-Kung University, Tainan, Taiwan 701, Republic of China 


Abstract 

We investigate the photon structure functions at small Bjorken variable x in the framework of the holographic QCD, assuming 
dominance of the Pomeron exchange. The quasi-real photon structure functions are expressed as convolution of the Brower- 
Polchinski-Strassler-Tan (BPST) Pomeron kernel and the known wave functions of the U(l) vector field in the five-dimensional AdS 
space, in which the involved parameters in the BPST kernel have been fixed in previous studies of the nucleon structure functions. 
The predicted photon structure functions, as confronted with data, provide a clean test of the BPST kernel. The agreement between 
theoretical predictions and data is demonstrated, which supports applications of holographic QCD to hadronic processes in the 
nonperturbative region. Our results are also consistent with those derived from the parton distribution functions of the photon 
proposed by Gliick, Reya, and Schienbein, implying realization of the vector meson dominance in the present model setup. 
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1. Introduction 

A photon is a fundamental particle, instead of a nonpertur¬ 
bative composite like hadrons. However, an energetic photon 
can fluctuate into quark-antiquark pairs, which further radiate 
gluons, in a hard scattering process. Hence, investigations on 
the photon structure have served as alternative tests of pertur¬ 
bative approaches to QCD over recent decades. The authors in 
Refs. |ill2[] first discussed the feasibility of the electron-photon 
deep inelastic scattering (DIS) and estimated its cross section, 
whose measurements, such as those conducted at the LEP, 
provided valuable information of the photon structure func¬ 
tions. After Witten first evaluated the leading-order QCD cor¬ 
rections yf], many elaborated higher-order calculations based 
on perturbative QCD had been performed 144 101. and the next- 
to-next-to-leading-order results were available 111 ]. The con¬ 
sistency between experimental data and theoretical results has 
strongly supported the reliability of the perturbative calcula¬ 
tions in QCD. The picture of the photon structure becomes very 
different in the kinematic region with a small Bjorken variable 
x. A photon can fluctuate into vector mesons, so hadronic con¬ 
tributions are not negligible to electron-photon DIS as x < 0.1 
in general. The hadronic component dominates as x < 0.01, 
and a photon can be regarded as a hadron rather than a point¬ 
like object. Effective models are then appropriate for studies of 
the photon structure functions in this region. 

The holographic QCD based on the AdS/CFT correspon¬ 


dence 1214141 is one of the effective models. The AdS/CFT 


correspondence implies that one can analyze a gauge-theory 
process at strong coupling in the ordinary Minkowski space by 


means of the corresponding gravity theory at weak coupling in 
the higher dimensional AdS space. Since Maldacena first pro¬ 
posed this correspondence, its applications to QCD processes 
have been attempted intensively II5142211 , in which the QCD 
scale Aqcd is introduced and the conformal invariance is bro¬ 
ken. In particular, phenomenological applications in hadron 
physics to, e.g., mass spectra, form factors, high-energy scat¬ 
tering processes, and so on, are quite successful. 

In this letter we will investigate the photon structure func¬ 
tions at small x, adopting the Pomeron exchange picture in 
the framework of the holographic QCD. A Pomeron is consid¬ 
ered as a color singlet gluonic state composed of multi-gluon 
exchanges. It has been known that cross sections for various 
high-energy scattering processes are well described in this pic¬ 
ture B23I1 . A Pomeron in QCD corresponds to a reggeized gravi¬ 
ton in the gravity theory in the five-dimensional AdS space. The 
authors in Ref. [24] evaluated the graviton exchange, and pro¬ 
posed the Brower-Polchinski-Strassler-Tan (BPST) Pomeron 
kernel. The elaborated analysis in Ref. 112514301 has indicated 
that applications of this kernel to the nucleon structure func¬ 
tions at small x led to results well consistent with data 131-331. 
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Following the same formalism, we will express the photon 
structure functions at small x as convolution of the BPST ker¬ 
nel with the wave functions of the incident and target photons 
in the 5th dimension. Most parameters in the BPST kernel have 
been fixed in the previous studies of the nucleon structure func¬ 
tions [32, 33]. The known five-dimensional U(l) vector field 
will be adopted for the photon wave functions, which couple 
to leptons at the ultraviolet (UV) boundary. That is, we do not 
need approximations or models to describe the incident and tar¬ 
get particles here, in contrast to the case of the nucleon DIS. 
Therefore, our study of the photon structure functions involves 
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Figure 1: Deeply inelastic electron-photon scattering process, where the bub¬ 
ble represents a parton density of the target photon. 


only a single free parameter, which appears as an overall co¬ 
efficient for the cross section. The model dependence is then 
reduced, and the predicted photon structure functions, as con¬ 
fronted with data, serve as a clean check of the validity of the 
BPST kernel. It will be demonstrated that our results for the 
photon structure function F\(x, Q 2 ) are in agreement with the 
LEP data, though available data at small x are limited. In addi¬ 
tion, our results are also consistent with those obtained from the 
parton distribution functions (PDFs) of the photon proposed by 
Gluck, Reya, and Schienbein p4{]. Because they included the 
hadronic component in the photon PDFs, which dominates at 
small x, this consistency may imply realization of the vector 
meson dominance in the present setup. Our predictions for the 
photon structure functions at very low x can be tested at future 
linear colliders. 


2. Kinematics and model setup 


The electron-photon DIS ey —> eX is schematically shown 
in Fig. |3 where q and p are the four-momenta of the probe 
and target photons, respectively, and W represents the invari¬ 
ant mass of the hadronic final state. The associated differential 
cross section is expressed in terms of the two structure functions 
F\(x, Q 2 ) and F y L (x , Q 2 ) as 


d Cf e y-> e X 

dxdQ 2 


2na 2 
xQ 4 


{[l + (1 - y) 2 ] F\ (x, Q 2 ) - y 2 F y L (x, Q 2 )}, 


( 1 ) 

where a is the fine structure constant, y is the inelasticity, and 
the Bjorken scaling variable x is defined as 


x = 


Q 2 

Q 2 + W 2 + P 2 ’ 


( 2 ) 


with Q 2 = -q 2 and P 2 = -p 2 . We consider the small x region 
with the target being a quasi-real photon, namely, the kinematic 
region of W 2 >> Q 2 » P 2 , in which the Bjorken variable can 
be approximated by x « Q 2 /W 2 . The vector meson dominance 
model [[35] appropriate in this region implies that the target pho¬ 
ton may behave like a vector meson rather than a point particle, 
and suggests the application of the Pomeron exchange picture 
to this process. 


The photon structure functions in Eq. ([I]) are given in the 
five-dimensional AdS space by 1 127112811 . 


a S lp 3 , 2 Q 2 

32n 5 ' 2 


Fj (x, Q 1 ) 


J dzdz'p%(z, Q 2 )Pia{z',P 2 ) 

x(zz')lm\xc(W 2 ,z,z')l (3) 


with i = 2, L, where the adjustable parameters g? and p control 
the magnitude and the energy dependence of the structure func¬ 
tions, respectively. The imaginary part of the BPST Pomeron 
kernel 

Im \xc(W 2 ,z,z')} = ed-^e-thogVG/ pB/ ^ (4) 


with the conformal invariant 

r = \og(pzz'W 2 /2), (5) 


arises from the single-Pomeron/graviton exchange. 

The overlap functions Puiz) and Pz^iz!), describing the 
density distributions of the incident and target particles in 
the AdS space, respectively, obey the normalization condition 
f dzPij(z) = 1 in the on-shell case. They depend on the par¬ 
ticle virtualities Q 2 and P 2 in the present study with off-shell 
photons. Pf>(z, Q 2 ) denotes the wave function of the longitudi¬ 
nally polarized photon, and /VAz', P 2 ) takes the form the same 
as P [2 ^(z,Q 2 )- The massless 5D U(l) vector field, satisfying 
the Maxwell equation in the five-dimensional AdS background 
spacetime, can be identified as the physical photon at the UV 
boundary. We adopt the wave function of this field for the over¬ 
lap functions, which are then written as 13^1 

Pffc, Q 2 ) = Q 2 z [i K 2 (Qz ) + K](Qz)\ , (6) 

P\i(z, Q 2 ) = Q 2 zKl(Qz). (7) 


Both Kq(Qz ) and K\(Qz), the modified Bessel functions of the 
second kind, diverge at the origin and vanish at large Qz, con¬ 
sistent with the fact that a photon is a non-normalizable mode, 
and can penetrate into the larger z, i.e., infrared (IR) region at 
low Q. Namely, Eq. ([6ji exhibits the feature that a quasi-real 
photon propagates into the bulk of the AdS space, while keep¬ 
ing a substantial component in the UV region even at small x. 

In the considered region with 10 - 5 < x < 10~ 2 and 1 GeV 2 
< Q 2 < 10 GeV 2 , nonperturbative hadronic contribution to 
the structure functions may become important. We employ the 
modified kernel [24, 3lll 


ImD Y mo d(W 2 ,z,z')] = \m[x c (W 2 ,z,z')] 

+ T (z, z', r)1m\xc( W 2 , z, z 2 0 lz')], 
T(z, Z,T) = 1- 2 \Jfmre T erfc(q). 


n = 


, zz 

- log — + pr 


I y/pf. 


( 8 ) 

(9) 

( 10 ) 


where the first term on the right-hand side of Eq. ([8]i is the con¬ 
formal kernel, and the second term represents the additional 
confinement effect. The adjustable parameter zo ~ 1/Aqcd, 
being of order of the QCD scale, governs the strength of the 
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confinement effect. The factor T, running from 1 to -1 for 
fixed z and z', as r increases from zero to infinity, suppresses the 
structure functions at large W 2 . That is, the confinement effect 
intensifies at small x for fixed Q 2 . Strictly speaking, there must 
be modification of the background metric as the confinement 
effect is not negligible, which may lead to a more complicated 
kernel with more parameters. However, it has been also ob¬ 
served (33ll that the modified kernel in Eq. © well reproduces 
the data for the nucleon structure functions at small x, which 
are typical nonperturbative quantities. 


3. Numerical results 


We take the parameter sets for the BPST kernels obtained in 
Ref. ll33ll with zo = 4.25 GeV -1 or zo = 6 GeV -1 in the modified 
kernel case, which has been demonstrated to well reproduce the 
data of the nucleon structure functions at small x. Since a pho¬ 
ton is a non-normalizable mode, the overall coefficient g 2 in 
Eq. Q is an unknown, and has to be tuned to fit the absolute 
magnitude of data. The available data of the real photon struc¬ 
ture functions at small x are still quite limited. We consider 
9 data points from the OPAL collaboration at LEP [37]] with 
x < 0.025, and determine g^ = 17.51 and 49.01 for the con¬ 
formal and modified kernels, respectively. The invariant mass 
squared P 2 of the target photon should be small enough, but 
cannot be exactly zero in practice. Events in the region with 
P 2 ~ (9(0.01) GeV 2 have been measured (for details, see review 
papers 1 38l 39ll_and references therein), so P 2 = 0.01 GeV 2 is 
assumed here 1341. 

We explain the treatment of the conformal invariant r, which 
appears in the kernels in Eqs. ([4]) and (0. Straightforward inte¬ 
grations collect the contribution from the region of small z and 
z', where the photon distributions concentrate, yielding a nega¬ 
tive r, i.e., an imaginary piece in the kernels. A simple resolu¬ 
tion of this difficulty is to restrict z and z! in the region, where r 
remains positive. We refer to this prescription as scheme 1. An¬ 
other way is to set z and z' in the definition of r to their average 
values defined by 


__ fdz.z 2 P%{z,Q 2 ) 
f dzzP% (z, Q 2 ) 

respectively, and regarding the product zz' in Eq. (0) as the char¬ 
acteristic scale zz' of the kernels. We have verified that this 
prescription, referred to as scheme 2, works for explaining the 
data of the nucleon structure functions with the model setup 
in Ref. [33]. As indicated in Fig. [2] the results for the pho¬ 
ton structure function F 2 (x, Q 2 ) from these two schemes differ 
slightly (about few percents) at least in the currently considered 
kinematic region. We will adopt scheme 2 for the numerical 
analysis below. 

We display in Fig. 0 the predicted x and Q 2 dependencies 
of the structure function F 2 for the quasi-real photon from 
Eq. (01 with the conformal and modified Pomeron kernels, and 
those derived from the well-known PDF sets, GRV [40] and 
GRS ll34h . at next-to-leading-order accuracy. Both curves from 


fdz'z' 2 P 2 4(z',P 2 ) 
f dz’z'P24 {z’ ,P 2 ) ’ 



Figure 2: F^(x, Q 2 ) as a function of x for Q 2 = 1,10 GeV 2 derived from 
schemes 1 and 2 for the treatment of the conformal invariant r with the modified 
kernel. 


GRV and GRS include the charm-quark contribution in the re¬ 
gion with W > 2m c . Note that the hadronic contributions 
to the GRV and GRS PDFs were parameterized via the pion 
PDFs based on the assumed similarity between the vector me¬ 
son and the pion, and that the validity of the parameterizations 


ie p 

in Refs. |]4ot 34[ is limited to the range Q 1 > 0.5 GeV 2 and 
x > 10 -5 . It is seen in Fig.0that all the above curves basically 
match the data available for x > 10 3 , and then ascend with dif¬ 
ferent slopes as x decreases, a feature attributed to the Pomeron 
exchange. Future data will further discriminate the different 
predictions at small x < 1 0 2 . To be precise, the results from 
the modified kernel with zo = 6 GeV and from the confor¬ 
mal kernel fit the data equally well based on x 2 P er degree of 
freedom, and slightly better than those from the modified ker¬ 
nel with zo = 4.25 GeV -1 . If we focus on the region with low 
Q 2 < 10 GeV 2 and small x < 0 . 01 , and tune the only parameter 
g 2 again, the modified kernel with zo = 6 GeV -1 gives the best 
fit to the data. 

The results from the conformal kernel (GRV PDFs) show 
the weakest (strongest) x dependence, and those from the GRS 
PDFs show the moderate x dependence. The obvious differ¬ 
ence between the GRV and GRS predictions in the small x re¬ 
gion, and their comparison with the OPAL data have been dis¬ 
cussed in Ref. [41]. The curves from the modified kernel exhibit 
the similar x dependence and the stronger Q 2 dependence com¬ 
pared to those from the conformal kernel. The former are closer 
to the GRS curves compared to the latter, and coincide with the 
GRS curves as indicated in the first two panels of Fig. 0 It is 
straightforward to find that the hadronic component in the GRS 
photon PDFs dominates at small x, about 90% (80%) of the to¬ 
tal contribution to F:, for Q 2 = 1 (10) GeV 2 . This consistency 
may imply realization of the vector meson dominance in the 
present model setup. 

It is found that the difference between the curves from the 
modified kernel and from the conformal kernel becomes larger, 
as Q 2 increases and as x decreases. Note that the two kernels 
in Eqs. (0 and (0 have been treated as independent models. 
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Figure 3: F^(x, Q 2 ) as a function of x for various Q 2 , and its comparison with the data from the OPAL Collaboration & In each panel, the solid, dashed, and 
dotted curves are from our calculations. The dash-dotted and dashed double-dotted curves represent the GRV fio i and GRS |[34] predictions, respectively. 


and their adjustable parameters have been fixed separately [33]. 
It has been known that the different parameter sets are needed 
to well describe the data of the nucleon structure function F p 
with the two kernels in the Q 2 < 10 GeV 2 region. Therefore, 
the growing difference does not imply that the confinement ef¬ 
fect from the second term in Eq. (0 increases with Q 1 . It does 
not imply either that this term is positive in the small x region. 
Choosing a common parameter set for both the conformal and 
modified kernels, we indeed see that the relative difference be¬ 
tween the resultant photon structure functions reduces, and the 
latter become lower than the former as x decreases. That is, the 
confinement effect is weakened at high Q 2 , and the second term 
in Eq. ([8]) remains negative at small x. Nevertheless, the resul¬ 
tant photon structure functions approach to each other at high 
Q 2 more slowly than in Ref. El due to the different treatments 
of density distributions of the involved particlefj. 

The agreement of the results from the modified kernel with 
the data can be further improved by considering the number 
of active quark flavors / involved in the analysis. The target 


1 The kernel ratio r = Im[^ mo< j]/Im[^ c ], which reflects the detailed differ¬ 

ence between the modified and conformal kernels, has been investigated, and 
its behavior has been shown in Fig. 1 of Ref. 13311 . 


nucleon overlap function is localized in the IR region around 
z' ~ 4 GeV -1 133], so that the heavy quark contribution is sup¬ 
pressed, and we have / ~ 4. The target photon overlap function 
Pia(z', P 1 ) spreads broadly from the UV region to the IR region 
in the z' space, implying the participation of all flavors, i.e., 
/ = 6. Because the QCD scale Aqcd ~ 1/zo decreases with 
/, the parameter z o in the present study may be larger than that 
fixed in Ref. 1 33tl ■ We then calculate the structure function F y , 
assuming zo - 6 GeV -1 and g q = 21.60, and display the results 
in Fig. [3 as well. It is observed that the corresponding dot¬ 
ted curves, becoming higher than the dashed ones as Q 2 = 1.9 
GeV 2 , and lower as Q 2 > 8.9 GeV 2 , agree completely with the 
OPAL data within errors. 

Next we present the x dependence of the ratio of the longitu¬ 
dinal structure function over the transverse structure function, 
defined as R^/t = F y L {x , Q 2 )IF y T (x, Q 2 ) with F y T = F y - F y L , 
in Fig |4] It is found that Rl/t increases with x and Q 2 in both 
cases of the conformal and modified kernels. Rl/t seems to 
be almost constant for the modified kernel with Q 2 - 1 GeV 2 . 
These results are qualitatively consistent with those of the nu¬ 
cleon structure functions [[33i]- It is easy to understand Rl/t < 1, 
since the contribution from the longitudinal polarization of the 
probe photon is suppressed at low Q 2 , and the increase of Rl/t 


4 


















0.9 


0.8 

0.7 

t- 0.6 


0.4 
0.3 
0.2 

10' 5 10' 4 10' 3 10' 2 
X 

Figure 4: Ratio Ri/j = F J L (x, Q 2 )/Fj(x, Q 2 ) as a function of x for Q 2 = 
1,10 GeV 2 . The pai'ameter value zo = 4.25 GeV -1 is adopted to obtain the 
curves from the modified kernel. 
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Figure 5: Ratio R y /jv = F^(x, Q 2 )/[aF% ( x , <2 2 )] as a function of x for Q 2 = 1 
and 10 GeV 2 , and its comparison with the GRS predictions a. f 7 2 ( X , q 2 ) ^ 
obtained by employing the modified kernel with zq = 4.25 GeV -1 . (x, Q 2 ) 
is from Ref. [ 3311 . and common to all the curves. 


x dependence, while the latter becomes almost independent of 
x as x > 10~ 3 . 


4. Summary 

In this letter we have investigated the structure functions F 7 
and F y L of the quasi-real photon in the region of small Bjorken 
variable x in a holographic QCD model. They were calcu¬ 
lated by convoluting the BPST Pomeron kernel with the wave 
functions of the U(l) vector field in the five-dimensional AdS 
space. Two of three adjustable parameters of the kernel have 
been fixed in the previous studies on the nucleon DIS, so only 
a single overall parameter was left free, and tuned to fit the ab¬ 
solute magnitude of the experimental data. The predicted de¬ 
pendencies of F 2 (x, Q 2 ) on x and Q 2 are in agreement with the 
OPAL data, implying the predictive power of the present model 
setup, and that the Pomeron exchange picture can describe gen¬ 
eral DIS processes at small x reasonably. 

We then compared our results with the structure functions 
derived from the GRV and GRS PDF sets of the photon, and 
the consistency with the latter was also observed. Since the 
hadronic component in the photon PDFs dominates at small x, 
this consistency may be regarded as realization of the vector 
meson dominance. It is known that the vector meson domi¬ 
nance model well accommodates experimental data involving 
quasi-real photons, whose mechanism is, however, not com¬ 
pletely understood due to its nonperturbative origin. The wave 
functions for a quasi-real photon proposed in Eq. ©, with 
broad distribution in the z space, can overlap with the p me¬ 
son wave function significantly. It is likely that the quasi-real 
photon wave function and the p meson wave function, as convo¬ 
luted with the universal Pomeron kernel, yield similar cross sec¬ 
tions. Then holographic models might have provided an alter¬ 
native viewpoint to realize the vector meson dominance mecha¬ 
nism. Future linear colliders, such as the planned International 
Linear Collider, will help fully understand the nature of a pho¬ 
ton, which is one of the most fundamental issues in high energy 
physics. 


with Q 2 , since this contribution increases with Q 2 . However, 
Ri/'i around 0.4 also indicates that the longitudinal structure 
function is not negligible in the considered kinematical region. 

Finally, we compare the x dependence of the photon struc¬ 
ture function F 7 with that of the nucleon structure function F 2 
by investigating their ratio R y /n = F 2 (x, Q 2 )/\aF^ (x, Q 2 )]. For 
F 2 (x, Q 2 ), we adopt the results in Ref. B33I1 . which match the 
HERA data |42j well. As shown in Fig. [3 both curves from 
our predictions are nearly linear with small slopes. The similar 
x dependencies of the two structure functions is again attributed 
to the universal Pomeron kernel in our framework. We also plot 
the GRS predictions for the ratio R 7 /n in Fig. [3 Our and GRS 
predictions are closer to each other for Q 2 = 10 GeV 2 , because 
both agree with the data at this scale as indicated in Fig [3 Our 
and GRS predictions differ significantly for Q 2 = 1 GeV 2 , es¬ 
pecially at x ~ 10 2 , because the former exhibits a substantial 
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